The functional composition of herbivorous insect assemblages was correlated with aspects of new and mature leaf surface features, anatomy and morphology across 18 co-occurring plant species. Multivariate analyses of insects and leaf traits revealed that the functional composition of the herbivore assemblage was more strongly correlated with leaf structural traits than with leaf constituents. Leaf traits were more strongly correlated with the functional composition of the herbivore assemblage than with its taxonomic composition. Densities of sessile phloem feeders, rostrum chewers, and all herbivores were significantly negatively correlated with specific leaf weight, lamina and cuticle thickness, vascular tissue depth and stomate length, and were significantly positively correlated with stomate density. External chewer densities were significantly negatively correlated with percent lignified vein area, and significantly positively correlated with leaf surface area and the distance between lignified tissues. Spine-like leaves were associated with significantly lower densities of sessile phloem feeders, external chewers and all herbivores compared to kite leaves (kite leaves are comprised of unfortified leaf tissue supported by a framework of vascular tissue). The presence of a thickened leaf hypodermis was associated with significantly lower densities of external chewers and rostrum chewers, while midrib protection was associated with significantly lower densities of external chewers. Leaf structural traits may not be the proximal factors influencing herbivorous insects, as leaf structural traits are correlated with many other plant traits such as photosynthetic rate, relative growth rate and leaf life-span. Nonetheless, these results indicate that certain leaf structural traits may potentially be used to predict the functional structure of herbivorous insect assemblages.
INTRODUCTION
The small size of insect herbivores means that they face the problems of attachment and access to the leaf even before they can ingest the desired leaf tissue. Furthermore, the strength of insect herbivores is generally lower than most vertebrate herbivores, with the result that structural barriers that are trivial to vertebrates may be substantial to insects. Therefore leaf structural traits including surface features, anatomy and morphology have the potential to impede insect feeding and may ultimately influence the host choice of insect herbivores. Some leaf surface features are known to influence insects. The role of trichomes in plant defence has been reviewed by Levin (1973) , who reported negative correlations between trichome density and insect feeding, oviposition and nutrition. Trichomes have been observed to prevent feeding by some sucking insects (Hoffman & McEvoy, 1985) , but not others (van Dam & Hare, 1998) . Trichomes are also known to affect the feeding and movement of chewing insects (Gilbert, 1971; Ramalho et al ., 1984; Oghiakhe et al ., 1992) , although some chewers are capable of removing trichomes before feeding (Hulley, 1988) . Surface waxes may also protect leaves from insect herbivory (Edwards, 1982) .
The internal anatomy of leaves can also influence insect herbivores. The distribution of sucking insects which feed on vascular tissue has been linked to vein size and depth (Gibson, 1972) , and to vein density and distance from the surface (Cohen, Henneberry & Chu, 1996) . Vein sclerification can limit the feeding of sucking insects (Hoffman & McEvoy, 1986 ) and chewers (Hagen & Chabot, 1986; Scheirs, Vandevyvere & De Bruyn, 1997) . Vein-spacing can also deter some chewing insects (Shade & Wilson, 1967; Scheirs et al ., 1997) , while the thick cuticle and marginal vein of holly leaves has been reported to deter edge-feeding caterpillars (Potter & Kimmerer, 1988) . The presence and arrangement of resin canals has also been linked to plant susceptibility to insect herbivores (Bennet, 1954) , although some insects have developed methods to circumvent such defences (Dillon, Lowrie & McKey, 1983; Dussourd & Denno, 1991) .
Most of the above studies focus on interactions between individual insect taxa and their host plant species. Although it is clear that leaf structure plays an important role in these interactions, it is less clear how the leaf structure of a plant species may relate to the assemblage composition of its associated insect herbivores. Ezcurra, Gomez & Becerra (1987) found that sympatric pilose and glabrous forms of the same plant species supported significantly different insect guilds. Chewing and gall-forming insects were significantly more abundant on glabrous trees, while sucking insects were more common on pilose trees (Ezcurra et al ., 1987) . Van Dam & Hare (1998) also found differences in insect use of glandular vs. nonglandular forms of the same plant species. However, while both glandular and non-glandular plants were utilized by sucking insects, different taxa of sucking insect were predominant on each plant form (van Dam & Hare, 1998) . Peeters, Read & Sanson (2001) documented variation in the guild composition of herbivorous insect assemblages among co-occurring plant species. The present paper examines how much of this variation can be explained by variation in leaf structural traits. Leaf traits have been selected on the basis of their demonstrated or potential effect on insect herbivores, and measured traits include trichome height and density, vascular tissue depth, stomate size and density, vein size, distribution of lignified tissues, access to non-lignified tissues, leaf surface area, cuticle and lamina thickness, and specific leaf weight. In addition, most leaf structural traits were measured for new and mature leaves, to further explore factors which may influence the leaf age preference of some insect guilds . This paper asks the following questions: (1) Is insect guild density correlated with leaf structural traits? (2) Is variation in the assemblage composition of herbivorous insects correlated with variation in leaf structural traits?
MATERIAL AND METHODS S TUDY SITE AND PLANT SPECIES
The study site is located in Bunyip State Park, Victoria, in tall open eucalypt forest ( sensu Specht, 1970) , at an altitude of 120-220 m. The site experiences a temperate climate (mean winter minimum 2.6 ° C, mean summer maximum 24.8 ° C) with a median annual rainfall of 1000 mm (see Peeters et al ., 2001 for further details). The forest contains many understorey shrub and small tree species representing a range of plant traits.
Eighteen shrub species were selected to represent a variety of leaf types and to maximize contrasts within families and genera (Table 1 ). All plant species were evergreen, although they varied in the timing and duration of new leaf production ).
I NSECT COLLECTION
Insects were collected by branch sampling, using apparatus similar to that of Dempster (1961) .
Branches of approximately 30 cm were enclosed in a hinged plastic box (26 × 18 × 19 cm), using a rapid closing action. Both branch and position along the branch (tip or mid-section) were selected randomly, and care was taken to minimize disturbance of the branch prior to collection. The edges of the collecting box were lined with rubber foam which ensured a tight fit over any protruding plant material. The branch was then clipped from the shrub with secateurs, and the box was filled with CO 2 for at least 3 min at 100 kPa. This level of CO 2 treatment was selected after trials with 100 kPa CO 2 for 1.5 min was found to anaesthetize adult Lucilia cuprina Wiedemann (Diptera) effectively, and early collections indicated it was effective for other insects. Following treatment with CO 2 the box was shaken to dislodge animals from the branch. The branch was removed, sealed in a plastic ziplock bag and stored on ice in an insulated container. Animals were collected from the box and immediately preserved in 70% ethanol. On returning to the laboratory, branch samples were weighed fresh, and subsamples (1/8 total sample fresh weight) were taken for microscope examination to collect animals that had remained attached, and to note the presence of leaf mines and galls.
Branch samples were placed into one of two phenological categories to compare the insect herbivores associated with new and mature leaves. As it was difficult to sample the insects of new leaves only (due to the branching pattern of most plant species) the categories were (a) new and mature leaves, and (b) mature leaves only. Leaves were considered mature when fully expanded and hardened. Leaves which were less than fully expanded, or fully expanded but not hard-ened, were considered new. Branch samples containing flowers were omitted from analyses, and as fruits were rare in branch samples these were ignored when assigning categories.
Samples were collected on 12 occasions over 16 months from October 1994 to January 1996 ). On each occasion, three branches were sampled from each of three individuals of each plant species. Sampled plants were tagged with flagging tape to ensure that they would not be sampled twice. Sampling took place during daylight hours, and in dry weather only.
Insects were placed in herbivore guilds on the basis of published diet descriptions, and where only one stage of the lifecycle is herbivorous, the nonherbivorous stage was not included in analyses, e.g. adult Lepidoptera. The term herbivore, as used here, includes insects eating above-ground plant tissues, but excludes insects which specialize on pollen, nectar or fruit.
F EEDING GUILDS
Guild categories are as follows:
Mobile phloem feeders (code = pm) : HemipteraPsylloidea, Aphidoidea, Fulgoroidea, Cicadelloidea (excluding Cicadellidae). The concept of guild used here follows that of Root (1967) . The guilds applied in this study represent one example of many categories which could be used to define functional groups of insect herbivores (Cornell & Kahn, 1989; Basset & Burckhardt, 1992; Root & Cappuccino, 1992) and were based on insect morphology, feeding method and target-tissues as reported in CSIRO (1991), Novotny & Wilson (1997) , Sadof & Neal (1993) , Washington & Walker (1990) and Lewis (1973) . It is acknowledged that the guild system used here is likely to have many flaws, and the assignation of member taxa may be incorrect due to our incomplete knowledge of the biology of arboreal insects associated with Australian plant species. The guild system used here also departs from some conventional guild systems in several ways, and has been formulated specifically for the analysis of the insects collected in this study.
Sessile phloem feeders (code
Although the categories of mesophyll-, phloem-and xylem-feeders have been used, the family Cicadellidae has been put into an additional guild for two reasons. Firstly, different tribes within the Cicadellidae may target phloem, mesophyll or xylem (Novotny & Wilson, 1997) . Cicadellids collected in this study were usually not identified beyond family, and thus the plant tissues targeted by individuals are unknown. Furthermore, unlike many Hemiptera, cicadellids probably do not use salivary enzymes for leaf penetration (based on the work of Pollard, 1968) . Suckers were divided into those that probably use salivary enzymes (insects grouped into meso-, phloem-and xylem-feeders), and those that do not (cicadellids) so that the association of these two groups with certain leaf traits can be compared.
Some guilds were formed to examine the potential ecological effects of morphological differences and their interaction with feeding strategies. For this reason chewers were divided into three guilds: internal, external and rostrum. Internal leaf feeding may place constraints on an insect's morphology and feeding method which do not apply to externally feeding chewers. In addition, the rostrum chewer guild was formed to investigate whether the distinct head capsule morphology of adult weevils may result in feeding capabilities which are different from those chewers which do not possess a rostrum. It should be pointed out that some curculionids have very short rostra and may be morphologically similar to taxa grouped as external chewers. However, very few of these were encountered in this study. Phloem and mesophyll feeders were also further divided into sessile and mobile groups to examine the potential effects of mobility on host plant and phenological associations.
Thysanopterans are designated as shallow suckers/ chewers as the mouthparts of thysanopterans can pierce plant cells and suck their contents, but also have a limited capacity to crush and rasp plant tissue (Lewis, 1973) . In addition, the short stylets of most thysanopterans allow penetration of plant epidermal and mesophyll layers, but they rarely reach vascular tissue (Lewis, 1973) . The shallow sucker/chewer guild also includes dipteran larvae and other small grublike larvae which were unidentified to order, as it is assumed that these animals also have a capacity to chew and suck, but that penetration into the plant is limited due to their small mouthparts.
S AMPLE SURFACE AREA
Total surface area of leaves and stems was measured for six branch samples of each plant species using the image analysis software BioScan 3.1 (Monash University). Regression lines of sample surface area vs. sample fresh weight were calculated for each plant species and all were statistically significant ( F = 8.99 to 1307.57, P = 0.04 to < 0.001). The resultant equations were used to estimate the total surface area of each sample from its fresh weight. Insect densities are presented as per unit surface area.
L EAF COLLECTION
The term 'leaf ' is used here to denote the primary photosynthetic organs of the plant, and includes leaflets ( Boronia muelleri and Zieria arborescens ), phyllodes ( Acacia genistifolia and A. myrtifolia ) and simple leaves (all other species). Replicate leaves used for measurements were from replicate plants unless stated otherwise.
New and mature leaves were collected on the same day in December 1995 from five replicate plants of the 18 shrub species. Both leaves and shrubs were selected haphazardly. New leaves were defined as fully expanded leaves that had not yet attained the colour or texture of mature leaves. Mature leaves were selected from the previous year's flush and leaves of greater age were avoided. As the new leaves of Banksia marginata were not fully expanded at this time, the new leaves of this species were collected in January 1996.
Leaves were collected in the morning during continuous light rain, were removed with scissors or secateurs and were placed in plastic ziplock bags with moistened paper towelling. Samples were placed on ice in insulated containers, and were transferred to the laboratory for processing later that day.
L EAF SIZE , ANATOMY AND SURFACE FEATURES
The image analysis software BioScan 3.1 (Monash University) was used to determine leaf area of fresh leaves ( N = 5) of each plant species and leaf age. Leaves were oven dried at 40 ° C to constant weight and dry weight was determined for five leaves of each age, for each species except Pultenaea weindorferi and P. muelleri . The leaves of P. weindorferi and P. muelleri were weighed in groups as they were too small to be weighed individually.
Aspects of leaf anatomy and surface features that were considered to be relevant to insect feeding were also measured. These included hair (= trichome) height and density, lamina and cuticle thickness, and distance between vascular tissue and the leaf surface. Stomate density and length was also measured as suckers have been known to use stomates as entry points into the leaf. Fresh leaves for sectioning were fixed in 5% glutareldehyde in 0.03 M Pipe's buffer (pH 6.8-7.0) and stored at 4 °C. Leaf material was serially dehydrated in ethanol and polymerized in LR White resin. A Leica Ultracut microtome was used to cut 2 µm sections which were mounted on glass slides and stained with Toluidine Blue (pH 4.4) for 30 s. Coverslips were affixed with Histamount. Anatomical measurements were made from prepared leaf sections (N = 3 leaves) using a light microscope linked to a video camera and monitor. Cell walls staining light blue were assumed to be lignified.
Both upper (adaxial) and lower (abaxial) leaf surfaces were surveyed for stomates and hairs. Cuticles were prepared for stomate measurement by clearing leaves in 10% aqueous chromic acid. Cuticle envelopes were then neutralized with 10% aqueous ammonia, stained with Safranin O and mounted on glass slides with coverslips using Histamount. Stomate size and density was measured with a light microscope (N = 3 leaves). Fresh leaf hair density and height was measured using a dissecting microscope (N = 3 leaves).
MEASUREMENT OF LIGNIFIED TISSUE
The image analysis software BioScan 3.1 (Monash University) was used on cleared leaves to determine the percentage of the total leaf surface area which was lignified vein (mature only, N = 3-5 leaves). Leaves were cleared with potassium hydroxide and chloral hydrate and stained with potassium permanganate following Blackburn (1978) but were stored in 70% ethanol rather than embedded in resin. The stained tissue represented the extent of lignified cells including xylem and non-transporting cells such as sclerenchyma and hypodermis, but not phloem, as the stain pigment is deposited in the presence of lignin (Blackburn, 1978) . Where both the hypodermis and vascular tissue of a leaf was stained, it was possible to obtain separate measures of each tissue. Percent lignified vein area was calculated for vascular tissue only (including xylem, lignified sclereids and lignified bundle sheath cells) and did not include lignified hypodermis cells.
ACCESSIBILITY OF NON-LIGNIFIED TISSUES
Image analysis (BioScan 3.1, Monash University) of mature cleared and stained leaves was used to measure the area of non-lignified tissue into which circles of different diameters could be fitted. Images of the cleared leaves were captured with a video camera linked to a PC (N = 3-5 leaves). Using image analysis, circles of increasing diameter were sequentially fitted within non-lignified leaf areas (Sanson, Stolk & Downes, 1995) to determine the largest diameter circle that could fit between the lignified veins of the leaf. This information was then combined with measurements of leaf thickness and lignified tissue arrangement from leaf sections to calculate the maximum diameter sphere that could be fitted between the lignified tissues of mature leaves of each plant species.
STATISTICS
Two-way factorial and one-way ANOVAs were performed on leaf features using plant species and leaf age as factors. Principal components analysis (PCA) was performed on leaf structural traits of (a) mature leaves (N = 18), and (b) new plus mature leaves (N = 36), using mean values. Pearson correlations were performed between the mean densities of insect guilds and (a) the first and second principal component of the PCAs, and (b) individual mature leaf structural traits (mean values). t-tests and ANOVAs were used to compare mean insect densities associated with non-continuous leaf traits of mature leaves.
To calculate mean insect densities for all herbivores and for each guild, branch samples were divided into those containing mature leaves only and those containing new and mature leaves. If two or more branch samples of the same type were derived from the same individual plant, total insect density for that individual plant was calculated by pooling the samples of the same type. When some of the branches of one individual plant had been used as a replicate, the remaining branches were not included in the analysis to maintain the independence of replicates. Mean insect density per plant species was then calculated using total insect densities for individual plants as replicates. Separate mean insect densities were calculated for samples containing new and mature leaves, and those containing mature leaves only. Due to variations in new leaf production among species, numbers of individual plant replicates used to calculate means were not consistent. For Pearson correlations involving components of the new and mature leaf PCA, component values for new leaves were compared to insect densities found in branch samples containing new and mature leaves, whereas component values for mature leaves were compared to insect densities found in branch samples containing mature leaves only. All other analyses involving insect densities compared leaf traits of mature leaves with insect densities found in branch samples containing mature leaves only.
Correlations between multivariate datasets of leaf structural traits (mean values) and (a) total densities of insect taxa, (b) total densities of insect guilds, and (c) leaf constituents (mean values) were determined using BIOENV (Clarke & Ainsworth, 1993) . Total insect densities for each taxa and guild were calculated for each sample type ('new and mature leaves', and 'mature leaves only') by dividing the total number of individuals by the total surface area of the samples from which they were collected for each plant species. Only plant individuals with all three branches in the same category were used to calculate total insect density.
Data were transformed when necessary to comply with assumptions. P-levels were not adjusted (Stewart-Oaten, 1995) , and the alpha level for all tests was P <0.05. Univariate tests were performed using SYSTAT v.7 for Windows (SPSS Inc.), while multivariate analyses were undertaken using PRIMER v.4.0 (Plymouth Marine Laboratory, UK).
RESULTS

LEAF STRUCTURE
Leaf shape and size varied widely among plant species (Fig. 1 ). There was also considerable variation in lamina thickness, anatomy and hair cover, as is depicted in the tissue maps of transverse leaf sections (Fig. 2) . Most structural traits differed significantly among plant species and between new and mature leaves, although significant interaction terms also indicate that the effects of leaf age varied among plant species for some traits (Table 2, Appendix 1).
Specific leaf weight (SLW, leaf dry weight per unit leaf area) differed significantly among plant species (Table 2) , being generally low for members of the Rutaceae, Rhamnaceae, Monimiaceae and Lamiaceae, and higher for the Proteaceae and Mimosaceae (Appendix 1). Specific leaf weight was generally higher for mature leaves compared to new leaves, although for some species the differences were small (Appendix 1).
Leaf hairs were more abundant on lower leaf surfaces and on new leaves (Fig. 2, Appendix 1) . Lower leaf surface hairs fell into four groups ( Fig. 2) : (a) stellate hairs found on leaves of C. reflexa and P. aspera, which were the longest found in this study; (b) curly or cottony hairs forming a dense layer on lower leaf surfaces (S. parviflorum, B. marginata, B. spinulosa and G. barklyana); (c) short straight hairs in tufts, interspersed with small glandular hairs (Z. arborescens); and (d) disk-shaped hairs (P. lasianthos).
Leaves were placed in three groups based on the arrangement of their lignified tissues (Fig. 3) . Most leaves had a kite-like structure, in that unfortified tissue was extended between, and supported by a lignified framework of veins (Grubb, 1986) , with variation in the patterning and degree of fortification of the veins (Fig. 3A-D) . The second type of leaf was box-like (Grubb, 1986) , with a lignified hypodermis covering the upper surface of the leaf, and extending down the revolute leaf margins (Fig. 3E) . In B. marginata the combination of a lignified hypodermis and sclerenchyma layer, and a network of veins with lignified bundle-sheath extensions, created compartments of unfortified tissue surrounded by lignified cells on all but one side (Fig. 3E) . The third leaf type included spine-like leaves and phyllodes which were flattened or cylindrical (Fig. 3F) . The spine-like leaves of H. ulicina and A. genistifolia had a central lignified portion, surrounded by some unfortified tissue. In contrast, H. sericea leaves possessed a central lignified spine with spoke-like sclereids radiating outwards from it, joining up, or continuous with an epidermal layer of sclereids (Fig. 3F) . The epidermal sclereids appeared to form a continuous layer of lignified tissue (apparently a pseudohypodermis, sensu HeideJørgensen, 1990 ) in the cleared leaves (Fig. 3F ).
The percent leaf area which was lignified vein differed significantly among plant species (Fig 4 , F = 30.34, P < 0.001). The distribution of vein sizeclasses (based on vein diameter) also varied among plant species (Fig. 4) .
Principal components analysis of leaf traits revealed that the first three components explained 87% of the total variation in new and mature leaf traits (Table 3A) and 85% of the variation in mature leaf traits (Table 3B ) among plant species. Leaves with low SLW also tended to have thin laminas and cuticles, high densities of small stomates, vascular tissue which was close to the leaf surface, and lignified vein tissue representing a low to moderate percent of the leaf area.
CORRELATIONS BETWEEN LEAF STRUCTURAL TRAITS AND INSECT DENSITY
Significant correlations were found between densities of several insect guilds (sessile phloem feeders, total suckers, rostrum chewers, total chewers and all herbivores) and PC1 of both the new and mature leaf PCA and the mature leaf PCA (Table 4) . Cicadellid densities were also significantly correlated with PC1 of the new and mature leaf PCA (Table 4) . Correlation values were generally higher for PC1 of the mature leaf PCA (Table 4) . In contrast to many other insect guilds, external chewers were not significantly correlated with PC1, but were significantly correlated with PC2 of both leaf structure PCAs (Table 4) . Figure 5 indicates how higher densities of sessile phloem feeders, rostrum chewers and total herbivores were associated with thin leaf laminas and cuticles, low specific leaf weight, high densities of small stomates and vascular tissue which was close to the leaf surface. These associations are indicated by significant correlations between mature leaf guild densities and PC1 of the mature leaf structure PCA (Table 4) , as well as correlations between guild densities and individual leaf traits (Table 5) . Densities of external chewers were positively correlated with leaf surface area and the maximum sphere which could be fitted between lignified tissue (Fig. 5 , Table 5 ) and were negatively correlated with cuticle thickness and percent lignified vein area (Fig. 5, Table 5 ). Correlations involving total chewers reflect a combination of leaf traits correlated with rostrum chewer densities and those correlated with external chewer densities ( Table 5 ). The combined mean densities of cicadellids and shallow suckers/chewers were negatively correlated with upper cuticle thickness (Table 5) .
Higher densities of rostrum and external chewers were associated with the absence of a thickened hypodermis, while densities of mobile mesophyll feeders were higher when leaf glands were absent (Table 6 ).
The absence of midrib phloem protection was also associated with higher densities of external chewers and total herbivores (Table 6 ). Densities of sessile phloem feeders, total suckers, external chewers and total herbivores were significantly higher on kite leaves than on spine-like leaves (Table 6 ).
The maximum correlation between multivariate datasets of mature leaf structural traits and insect guilds (0.40) was higher than that between mature leaf traits and insect taxa (0.20, Table 7 ). The maximum correlation between mature leaf structural traits and sucking insects (0.40) was higher than that between mature leaf structural traits and chewing insects (0.28, Table 7 ). Furthermore, the traits contributing to correlations between leaf structure and sucking or chewing insects were also different (Table 7) . Sucking insects were more closely correlated with the distance between xylem tissue and the leaf surface, cuticle and lamina thickness, leaf surface area and stomate density and length (Table 7) . Chewers were more closely correlated with specific leaf weight and the percentage of leaf area which was (Table 7) . Maximum correlations involving leaf constituents (Peeters, in press ) were generally lower than those between leaf structural traits and insect guilds (Table 7) .
DISCUSSION RELATIONSHIPS BETWEEN LEAF STRUCTURE AND PLANT FUNCTION
Many of the leaf structural traits measured in this study were intercorrelated, and were also correlated with leaf constituents. For example, leaves with low SLW also tended to have thin laminas and cuticles, small distances between the surface and vascular tissue, low to moderate percent lignified vein areas, and high densities of small stomates, concurring with the findings of Read et al. (2000) . Other studies have revealed correlations between certain leaf traits and plant traits such as leaf life-span, photosynthetic rate and relative growth rate. Specific leaf area (the reciprocal of specific leaf weight) has been found to vary inversely with leaf life-span (Reich et al., 1991 (Reich et al., , 1992 , while positive correlations have been found between specific leaf area and photosynthetic rate (Reich et al., 1991 (Reich et al., , 1992 Poorter & Evans, 1998; Wright, Reich & Westoby, 2001 ) and relative growth rate (Poorter & Remkes, 1990) . Positive correlations have also been found between leaf nitrogen content and photosynthetic rate (Mooney & Gulmon, 1982; Evans, 1989; Reich et al., 1991 Reich et al., , 1992 ) and leaf mechanical properties have been correlated with leaf constituents (Peeters, 2001 ) and leaf structure (Casher, 1996; Choong, 1996; Edwards, Read & Sanson, 2000; Read et al., 2000; Peeters, 2001) . Leaf lifespan has been correlated with leaf mechanical properties (Wright & Cannon, 2001) , and linked to levels of quantitative secondary chemicals and leaf toughness (Coley, 1983; Coley, 1988) .
PLANT TRAITS AND HERBIVOROUS INSECT DENSITIES
The results of this paper indicate that much of the variation in insect herbivore guilds among plant species noted in Peeters et al. (2001) is correlated with leaf structural traits. Furthermore, leaf structural traits were more closely correlated with herbivorous insect guilds than taxa. However, it is unclear whether the leaf structural features measured here are influencing insect herbivores directly or whether they are correlated with other unmeasured plant traits which are influencing insect herbivores.
Despite the large body of research devoted to plantinsect interactions, only a limited number of studies have examined correlations between leaf structural traits and the functional composition of herbivorous (Hoffman & McEvoy, 1985 as well as chewers (Shade & Wilson, 1967; Gilbert, 1971; Ramalho et al., 1984; Hagen & Chabot, 1986; Potter & Kimmerer, 1988; Oghiakhe et al., 1992; Scheirs et al., 1997) .
Hence it is not surprising that leaf structural traits have been found to correlate with guild densities in the field (Ezcurra et al., 1987) although few studies have documented this. The influence of leaf structural traits on insect herbivores is more likely to be detected by considering herbivore guilds rather than taxa, as a variety of taxonomic groups may have similar methods of feeding or life habit (e.g. the chewing action of coleopteran and lepidopteran larvae, or the broad similarities in morphology and feeding shared by sessile aleyrodid lifestages and lerp-forming psyllids). In addition, physical limitations to feeding imposed on herbivorous insects are more likely to directly curtail the abundances of insects rather than the number of species present, as insect speciation and the coexistence of species will be influenced by many other insect and plant traits. These factors may partly explain why studies which have investigated correlations between plant traits and herbivore guilds quantified by species richness (Cornell & Kahn, 1989; Basset & Burckhardt, 1992; Basset & Novotny, 1999) have yielded conflicting results.
Leaf structural traits accounted for more of the variation in insect assemblage structure than was explained by variation in leaf constituents such as nitrogen, fibre and water. This result may partly be an artefact of the number of leaf structural traits used in the analysis (13) compared to the number of leaf constituents (4), with the larger number of traits more likely to produce a higher correlation value. However, measures of leaf structure may also be giving a more realistic representation of what is encountered by the insect compared to constituent values measured as a percentage of the whole leaf. Certain constituents may be important to insect herbivores, but their distribution and accessibility within the leaf may be more relevant than the total amount present.
Densities of total suckers were correlated with many leaf structural traits, yet this appears to be mainly due to the influence of sessile phloem feeders, and to a lesser extent, cicadellids and shallow suckers/ chewers. Higher densities of sessile phloem feeders and total suckers were associated with leaf traits which could conceivably facilitate the feeding of these Table 1 for an explanation of plant species abbreviations. animals. The distance of phloem tissue from the leaf surface has previously been correlated with the distribution of sessile phloem feeders by Cohen et al. (1996) . Thin cuticles and high densities of stomates may aid leaf penetration, as suckers have been known to either penetrate the leaf directly through the cuticle (Sadof & Neal, 1993) , or to insert their stylets through stomates (Woodburn & Lewis, 1973) . In addition, the strong negative correlations between sessile phloem feeder densities and SLW may indicate that these insects are targeting plant species with high photosynthetic rates. Such high photosynthetic rates are likely to result in a faster translocation rate of phloem sap (Christy & Swanson, 1976) , and possibly increased sap quality. Cicadellids may be responding to similar leaf traits to sessile phloem feeders, yet, as their densities were correlated with PC1 of new and mature leaf traits only, this may also reflect the preference of cicadellids for new leaves . Cicadellids and shallow suckers/chewers were grouped together due to their similar mode of leaf penetration, and this may underlie the negative correlation of this guild with upper cuticle thickness. Both cicadellids and shallow suckers/chewers utilize physical force to penetrate leaves (Pollard, 1968; Lewis, 1973) , without the enzymatic digestion employed by most other suckers (Miles, 1972) . Hence the presence of a thick cuticle may impede the feeding of these insects.
Even though mobile phloem feeders are likely to be benefited by the same leaf traits as sessile phloem feeders, no significant correlations were recorded for this guild. One explanation for this is that mobile phloem feeders are utilizing growing meristems and leaf tissue far younger than the mature or even the fully expanded new leaves measured here, which is indicated by their preference for samples containing new leaves and flowers . If this was the case, then the variation in leaf traits from fully expanded new leaves to mature leaves may be largely irrelevant to mobile phloem feeders. There were no significant correlations between densities of mobile and sessile mesophyll feeders and leaf traits. The general scarcity of mobile mesophyll feeders may have contributed to the lack of correlations recorded for this guild. However, sessile mesophyll feeders were relatively abundant on some plant species, yet their distribution was not linked to leaf structure. Mesophyll feeders may benefit from high photosynthetic rates (Claridge, 1986) , as these would be linked to high concentrations of mesophyll proteins associated with photosynthesis (Field & Mooney, 1986 ), yet densities of mesophyll feeders were not correlated with SLW. Perhaps sessile mesophyll feeders are capable of existing on most leaf types as long as they can access some mesophyll cells of adequate nutritional quality. Densities of mobile mesophyll feeders were significantly higher when leaf glands were absent, possibly because leaf glands may impede the progress of stylets through the leaf, especially if they contain toxic secondary chemicals.
The leaf features with which total chewers were correlated were similar to those linked to suckers, but there were differences among chewer guilds. Rostrum chewers were similar to suckers in their correlations with leaf features, although it is unclear why. The elongate snouts of rostrum chewers may allow these animals to feed more selectively than other external chewers, and target nutrient-rich, unfortified tissue in a way that is broadly similar to suckers. Furthermore, the narrow gapes of rostrum chewers, and perhaps even their gut size, may restrict their rate of food ingestion. This may result in adult weevils having to consume smaller amounts of high quality food compared to external chewers, especially those external chewers with potentially large gut capacities such as Lepidopteran and Coleopteran larvae. This may explain why densities of rostrum chewers were correlated with similar leaf structural features and constituent levels (Peeters, in press) as suckers. Alternatively, rostrum chewers in this study may not be eating leaves at all, and correlations with leaf features may indicate the influence of other factors. For example, some weevil species may be consuming epiphylls which are more prolific on the low SLW leaves which generally occur in the moister areas of the study site.
External chewers were not correlated with SLW, perhaps indicating that photosynthetic rate is of less importance to them. The density of external chewers may be more closely related to their ability to access the leaf and the amount of fibrous material diluting the more nutritious leaf tissues. This is suggested by the links between external chewers and cuticle Table 4 . Significant correlations between guild density and PC1 and PC2 of (a) PCA of new and mature leaf structural traits, and (b) PCA of mature leaf structural traits. Significance level: ***P < 0.001, **P < 0.01, * = P < 0.05. Xylem feeders and internal chewers were not analysed due to non-normal or sparse data thickness, percent lignified vein area and the absence of midvein phloem protection and a thickened hypodermis. The positive correlation between external chewer densities and maximum sphere diameter also suggests that the accessibility of non-lignified tissues is important to external chewers. Spine-like leaves appear to be poorer resources for herbivorous insects than kite leaves, which may arise from the relatively small amounts of accessible nonlignified tissue present in spine-like leaves. Penetration and processing of spine-like leaves is probably difficult, and adhering to the surface of spines may be problematic for insects generally and for sessile suckers in particular. The photosynthetic capacity of these leaves is also likely to be low, at least partly due to the amount of structural material they contain (Dunn, 1975; Field & Mooney, 1986) , which may also decrease their quality as a food source.
FACTORS AFFECTING GUILD DENSITIES ON NEW AND MATURE LEAVES
Peak densities of mobile phloem feeders, cicadellids, shallow suckers, chewers, and external and rostrum chewers were associated with new leaf samples on most plant species . This was despite the fact that fresh weight nitrogen levels were Table 5 . Significant correlations between guild density and mature leaf structural traits. Significance level: ***P < 0.001, **P < 0.01, * = P < 0.05. Ps = sessile phloem feeders, cic/ssc = cicadellids and shallow suckers/chewers, xc = external chewers, rc = rostrum chewers, all = all herbivores. No significant correlations were found for mobile mesophyll feeders, sessile mesophyll feeders, mobile phloem feeders, cicadellids and shallow suckers/chewers. Xylem feeders and internal chewers were not analysed due to non-normal or sparse data either higher in mature leaves, or similar between new and mature leaves (Peeters, in press ).
As leaf constituents expressed per unit of fresh weight may be a more accurate measure of what is available to an insect (Wint, 1981; Slansky, 1993) , it seems that the preference of insects for new leaves is not necessarily due to the superior nutritional quality of new leaves. Data presented in this paper show that many structural features develop with increasing leaf age, which may make feeding on mature leaves more difficult for insects. The effort required by suckers to penetrate and reach desired leaf tissues would increase with the increasing lamina thickness, cuticle thickness and distance of vascular tissue from the leaf surface of maturing leaves (Dixon, 1975) . Thickening of cell walls, increased density of mesophyll cells and the development of additional fortified tissues can also influence the movement of stylets through the leaf and have been shown to affect both mesophyll and vascular feeders (Hoffman & McEvoy, 1986) . Numerous studies have correlated chewer mortality with leaf maturation (e.g. Larsson & Ohmart, 1988; Aide & Londoño, 1989) , and one reason for this may be the increased structural fortification of mature leaves.
Apart from structural considerations, changes in leaf physiology may also account for insect preference for new leaves. The nitrogenous component of phloem sap (as distinct from total leaf nitrogen) can increase in richness during bud break (Canny, 1984) , which may also make new leaves and other developing meristems attractive to suckers.
SOME EVOLUTIONARY AND ECOLOGICAL
IMPLICATIONS
Throughout time, plants have had to cope with a range of processes which can cause tissue loss including wind, precipitation, trampling, rockfalls, falling branches, bark and leaves, competition from other plants, epiphyte loads, parasites, disease, salt pruning, water stress and UV radiation. Herbivory therefore constitutes only one of many factors which may damage a plant. It has been suggested that chemical defences have been evolved by many plants largely to deter herbivores (Ehrlich & Raven, 1964; Feeny, 1976) . Such defences may evolve if the selection pressure of herbivores outweighs the selection pressure of other processes which cause tissue loss. However, if the plant must simultaneously cope with a number of different damaging processes, then the evolution of a general suite of traits against tissue loss may be more likely (Edwards, 1989; Zamora et al., 1999) . The results of this paper suggest that traits which enhance plant growth rates or the tolerance of physical damage also influence herbivores. Thus the long-lived leaves of slow-growing plants are likely to possess a range of Table 6 . Results of analyses comparing guild densities associated with the presence or absence of qualitative mature leaf traits. Significance level: ***P < 0.001, **P < 0.01, *P < 0.05. The state with the greatest density of insects (presence or absence), as determined by t-tests, is shown when differences are significant. Significant differences in insect density among leaf types (k = kite, s = spine, b = box), as determined by ANOVA, are also indicated. Ssc = sessile suckers/chewers. Xylem feeders and internal chewers were not analysed due to non-normal or sparse data 
Transformed using ln(x +1) traits to resist physical damage and these leaves are also associated with low herbivore abundances. In comparison, fast-growing plants may have fewer traits to resist physical damage and may have to rely on 'outracing' the herbivores in terms of avoiding them in space and time or by withstanding a certain level of tissue loss (Coley, 1983) . Thus herbivore abundances are likely to be higher on fast-growing plants. Levels of secondary chemicals have been linked to the feeding and nutrition of herbivores (e.g. Feeny, 1976; Rhoades & Cates, 1976) and quantitative secondary chemicals can protect plants from other agents of damage (Edwards, 1989) such as microbial attack (Swain, 1979) . However, the suggestion that secondary chemicals (especially the 'qualitative' type sensu Feeny, 1976) are broadly utilized by plants as their main line of anti-herbivore defence needs to be challenged. Developments in our understanding of insect neurology suggest that congruence in insect speciation and secondary plant chemicals may result from how insects identify their host plants rather than from an evolutionary arms race between insect resistance and plant chemistry (Jermy, 1993; Bernays, 2001) .
If the abundance of insect herbivores is constrained by plant traits, as has been suggested by this study, then it is likely that insect morphology will also be evolving in response to plant traits (Bernays, 1991) . For example, early larval instars of chewing insects can suffer high mortality if their mouthparts are not small enough to fit between leaf veins (Shade & Wilson, 1967) and the head capsule morphology of chewers has also been linked to the leaf anatomy (Casher, 1996; Peeters, Sanson & Read, 2000) and toughness of their diets (Bernays, 1986; Bernays & Hamai, 1987) . The longer rostra and shorter hind tarsi of some aphids has been linked to the pubescence of Table 7 . Correlations between mature leaf structural traits and other multivariate datasets performed using BIOENV. The leaf structural traits tested were specific leaf weight, distance between midrib phloem and upper and lower leaf surface, distance between midrib xylem and upper and lower leaf surface, upper and lower cuticle thickness, lamina thickness, stomate density and length, leaf surface area, percent lignified area and maximum diameter sphere which can fit between lignified tissue. Leaf constituents tested were cellulose, lignin and nitrogen (all percentage dry weight) and water (% fresh weight, Peeters, in press). Raw insect densities were used. Results show maximum correlation values and combinations of traits which contributed to the maximum correlation Maximum correlation with leaf structure (Moran, 1986) . In addition, plant features may limit the body size of particular feeding guilds (Novotny & Wilson, 1997) . The link between plant traits and insect assemblage composition has broad implications for the wider forest community. The abundance and functional composition of herbivorous insect assemblages may influence the abundance and functional composition of insect consumers, such as invertebrates and birds (McQuillan, 1993; Recher, Majer & Ganesh, 1996) . In terms of conservation it may be useful to consider links between plant types and herbivore guilds to enhance the biological value of conservation reserves and areas undergoing re-vegetation.
It is difficult to gauge how widespread these patterns may be, in Australia and elsewhere. The patterns noted here pertain to a system characterized by generally low levels of leaf nitrogen and the inclusion of plant species with highly sclerophyllous leaves. These leaf traits may be found in other forest communities including Mediterranean forests/heaths, South African fynbos, New Caledonian maquis and North American chaparral. If the constraints identified in this study are fundamental ones linked to insect morphology and physiology, then the trends observed here may also be present for plant species with similar leaf properties. However, differences in climate may ameliorate or worsen the impact of certain leaf traits, so that critical levels of leaf traits for insect herbivores may vary between forest systems. In addition, differences in the insect biota among geographical regions will also influence the composition of herbivorous insect assemblages, and the factors which affect them.
CONCLUSION
Significant correlations between densities of herbivorous insect guilds and leaf structural traits suggest that leaf structure may be influencing the functional composition of arboreal insect assemblages. Further work is required to determine whether these patterns are widespread, and whether certain leaf types support insect assemblages of a particular functional composition. Leaf structure is unlikely to be the only factor influencing herbivorous insects, and other factors likely to be contributing to the patterns observed also need to be considered. These include plant physiology, leaf chemistry, leaf mechanical properties, plant architecture, the activities of predators and parasites, and the influence of microclimate. However, as leaf structure is intimately related to many other plant traits which potentially influence insect herbivores, leaf structure may provide an important framework for predicting some functional aspects of insect assemblage structure.
APPENDIX 1
Leaf structural variables (means and standard errors) for new (n) and mature (m) leaves of each plant species. Upper = adaxial leaf surface, lower = abaxial leaf surface. x = mean, se = standard error. See Table 1 -225  161  124  se  22  -22  8  14  39  14  25  2  5  9  19  12  18  -18  7  10  n x  139  -99  52  82 101  92  89  96  63  71 116 119  127  -225  127  113  se  5  -1  3  2  12  11  3  7  5  6  10  6  6  -18  5  11 
